We demonstrate single mode operation of an external cavity diode laser (ECDL) employing an interference filter with multimode bandwidth for mode selection. A cateye reflector maximizes feedback efficiency and reduces susceptibility to intra-cavity optical misalignment. Narrow linewidths of 26 kHz are observed, and the laser can be tuned over 14 nm using a single 785 nm filter, without alteration of the output beam direction. The cateye reflector and filter allow a mechanically rigid design free of significant mechanical resonances, illustrated by comparison of the frequency noise spectrum with that of a common Littrow ECDL design using a diffraction grating and kinematic mount.
I. INTRODUCTION
Common external cavity diode laser (ECDL) designs such as the Littrow and Littman-Metcalf configurations use diffraction gratings for wavelength selection. These lasers require precise alignment and are therefore sensitive to acoustic and mechanical disturbances, particularly when a springloaded kinematic mount is used to align the grating or feedback optic.
Narrow bandpass filters provide an alternative approach to wavelength selection, and with sufficiently narrow bandwidth, can ensure operation on a single external cavity mode. [1] [2] [3] [4] An important advantage is the ability to use the cateye reflection geometry, which is self-aligning and thus inherently mechanically robust. 5 Single mode operation of cateye lasers has relied on extremely narrow filters, with bandwidths comparable to the intrinsic mode spacing of the laser diode, typically of order 125 GHz (0.25 nm for a 780 nm laser diode). Unfortunately, filters with the required narrow linewidth and high transmission are not readily available, limiting the widespread adoption of this approach.
Here we show that bandpass filters with much larger transmission bandwidths (3 nm), which are readily available at a broad range of wavelengths, can be used to achieve single mode operation of a tunable external cavity diode laser. We demonstrate the principles with a 780 nm diode laser and show that the wavelength can be tuned by more than 14 nm by rotation of the filter in conjunction with changing the diode temperature by 30
• C. We measure a narrow laser linewidth of 26 kHz, and in comparison to a common grating-based design, the frequency noise and sensitivity to vibration are substantially reduced due to the cateye reflector geometry and the insensitivity of the wavelength to filter rotation.
II. MODE SELECTION
The output frequency ν of an ECDL is dependent on a combination of frequency-dependent gain and loss factors a) Electronic mail: scholten@unimelb.edu.au. and the product of these factors gives the total transmission function:
where G D is the semiconductor gain profile of the laser diode, T D and T cavity represent the transmission functions for the cavities formed between the front and rear facets of the diode, and between the diode rear facet and the external cavity reflection element, in this case a cateye reflector. T filter is the transmission function of an intra-cavity filter. The laser will oscillate at the frequency for which the product of these factors is greatest. The relative dispersion factors are compared in Fig. 1 . The intrinsic semiconductor gain profile G D , which we approximate as a Gaussian of width 10 nm, is very broad in comparison to other dispersive mechanisms in an ECDL. 7 For the filter transmission function T filter we use the measured spectrum provided by the filter manufacturer. The function is approximately rectangular, with peak transmission T peak = 90% and width 3 nm. From the derivative of the transmission function ( Fig. 1) , the edge widths are 0.3 nm full width at half maximum (FWHM). The transmission window wavelength shifts with rotation according to
where θ is the angle of incidence, λ 0 is the wavelength at normal incidence, and n eff = 2.13 for p-polarization. 9 The internal diode cavity modes are described by the Airy function,
where F = 4r 1 r 2 /(1 − r 1 r 2 ) 2 is the coefficient of finesse for the diode cavity, r 1, 2 are the amplitude reflection coefficients of the diode rear and front facets, δ(ν) = 2π nL D ν/c is the phase shift for one traversal of the semiconductor gain medium, The diode gain curve is assumed to be Gaussian, with a FWHM of 10 nm. Numerous external cavity modes exist within the filter passband, yet the ECDL operates on a single mode because adjacent modes have reduced gain. At lower wavelength, the diode cavity transmission and the semiconductor gain are reduced, and at higher wavelength, the edge of the filter transmission reduces the overall gain. The measured transmission function for a 780 nm band pass filter 11 is shown with the numerical derivative, illustrating edge resolution of 0.3 nm (FWHM). The external cavity length and the diode mode have been chosen so that the overall gain peak occurs at λ = 780.24 nm, the 5S 1/2 → 5P 3/2 transition in rubidium (vertical line).
ν is the laser oscillation frequency, L D is the diode cavity length, and n is the semiconductor refractive index. A typical λ = 780 nm single mode semiconductor diode laser 10 has a physical cavity length of L D = 0.25 mm and a refractive index of 3.5, giving a mode spacing of ν = c/2nL D = 125 GHz.
T cavity is also described by Eq. (3) with appropriate changes to the reflection coefficient amplitudes and the cavity length, which becomes the external cavity length L cavity . For a 30 mm external cavity in air the mode spacing is 5 GHz. In principle, the diode intrinsic mode function and the diode gain curve will select one or a few external cavity longitudinal modes. However, there is little control over which external mode is selected.
Grating feedback or a narrow bandwidth filter can select a single diode mode. We demonstrate here that the sharp edge of a broadband filter, combined with the wavelength dependence of the diode gain curve, can also select one diode mode (Fig. 1) . The optimum wavelength is constrained on one side by the diode gain curve, and on the other by the edge of the filter function, such that one diode mode and one external cavity mode become dominant. The strongest lasing mode can be altered by rotation of the filter and adjustment of the diode mode frequency, either via the diode temperature or the diode injection current.
(Color online) Upper: External cavity diode laser using broad bandpass interference filter (IF) and partially transmitting output coupler. LD laser diode; CL collimating lens; L1 cateye lens; L2 re-collimation lens; PZT multi-layer ring-shaped piezoelectric translator; OC partially transmitting output coupler. Lower: Using a beam splitter cube (BS) as an output coupler; M normal incidence mirror; PZT multi-layer square piezoelectric translator.
III. EXAMPLE CAVITY DESIGNS
Two configurations were constructed and evaluated (Fig. 2) . The first is similar to previous cateye laser designs using ultranarrow filters, [2] [3] [4] [5] where the cateye reflector also forms the laser output coupler. The output coupler must then be a partial reflector, and because the range of standard output couplers is limited, a second design was evaluated. The partially reflecting planar output coupler was replaced with a normal-incidence planar mirror, and an intra-cavity beam splitter cube used as output coupler. Both non-polarizing and polarizing beam splitter cubes were used. Here we discuss results with a 780 nm laser diode but successful operation has also been achieved at 670 nm wavelength.
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A. Output coupler design
The ECDL consists of a laser diode 10 and aspheric collimating lens ( f = 4.5 mm 0.55 NA), a narrow passband interference filter in a rotating holder, and a cateye reflector. The cateye reflector was formed by an f = 11 mm 0.25 NA lens, mounted in a collimation tube machined to mount a 30% reflective output coupler. A multi-layer piezoelectric ring actuator was fixed to the rear facet of the output coupler, to allow cavity length tuning and fast frequency feedback control. An achromatic f = 20 mm lens was used to collimate the ECDL output beam. High transmission (greater than 90%) dielectric bandpass filters 9, 11 were used, with nominal center wavelengths of λ = 780 and 785 nm and width λ = 3 nm. The laser diode, collimation tube and intra-cavity optics were mounted in an aluminum block. A 10 k thermistor in the center of the block, and a Peltier thermoelectric cooler between the block and a large aluminum baseplate, were used for temperature stabilization of the cavity.
B. Beam splitter cube designs
In the beam splitter version the output coupler was replaced with a plane dielectric mirror and f = 4.5 mm aspheric lens in a cateye configuration, and an 80/20 10 × 10 × 10 mm non-polarizing beam splitter cube was placed between the diode collimation lens ( f = 4.5 mm) and interference filter. A piezoelectric transducer on the reflection mirror provided fine frequency tuning. A polarizing beam splitter cube (5 × 5 × 5 mm) was also used as an output coupler. With the polarizing beam splitter, rotation of the diode rotates the polarization of the intra-cavity beam and hence varies the ratio between out-coupled light and diode feedback. Increased feedback reduces the laser linewidth and in principle, the possible wavelength tuning range, at the expense of useful output power. The diode was rotated such that the feedback was approximately the same as that for the output coupler, 30%.
IV. ECDL PERFORMANCE
The output power for p-plane polarization was typically 50 mW at 780 nm using a 90 mW diode. Feedback efficiency was optimised by ensuring the laser diode transmission was focused exactly onto the reflective optical element (output coupler or mirror depending on the design), hence forming the cateye reflector. The focus of the combined diode collimation lens and cateye reflector also impacts the feedback efficiency of the external cavity 13 and the linewidth. Small and otherwise unnoticed changes to the lens focus can have quite a significant effect on the linewidth but are apparent only if the technical noise is small, comparable to the intrinsic cavity linewidth. With the cateye reflector, inherently good mode matching is ensured between the external cavity and the laser diode due to the robust alignment stability, leading to narrow linewidths. The linewidth can be reduced by increasing feedback from the external cavity, 13 and also by increasing the cavity length, though a short cavity is usually preferred to reduce the incidence of modehops to adjacent external cavity modes and thus to maximize the modehop-free tuning range. 7, 13 The designs presented here exhibit modehop-free tuning ranges of at least 15 GHz with cavity lengths of 30 mm, with injection-current feed-forward to match the frequencies of the internal and external cavity modes.
6 Figure 3 shows a saturated absorption spectrum of the λ = 780.24 nm 5S 1/2 → 5P 3/2 transition in rubidium (natural isotopic abundance).
The linewidths of the different configurations have been measured using the delayed self-heterodyne technique 14 with 2.2 km fiber delay (34 kHz resolution), independently with a commercial linewidth measuring instrument based on transmission through a high-finesse optical cavity, 10 and from the beatnote of two similar lasers. The lasers were in each case locked to a rubidium hyperfine transition using FM demodulation. The 250 kHz modulation was generated via the Zeeman effect using a coil around the atomic reference cell. The piezo actuator and the diode current were controlled with a combination of double-integrator, proportional and phase lead (differential) feedback.
Results from the self-heterodyne technique are shown in Fig. 4 . Intrinsic full width at half maximum linewidths of the output coupler and polarizing beam splitter cube designs, determined from fits to a Lorentzian lineshape function, are = 42 kHz and 39 kHz, respectively. Fits to a Gaussian function give full widths at half maximum of 73 kHz and 87 kHz, corresponding to rms laser linewidths of 31 kHz and 37 kHz. Using the commercial linewidth instrument, the measured linewidth of the bare laser diode was 2.5 MHz, and the width for the output coupler (OC) design was 26 kHz (one-hour average) with a stipulated systematic uncertainty of ∼30%.
10 Figure 4 also shows the spectrum of the beatnote from interfering two similar OC lasers, with combined width of 40 kHz. The linewidth measurements are consistent given typical ECDL linewidth variations as discussed in Ref. 15 .
Rotation of the filter (Eq. (2)) allows tuning from 772 nm to 781 nm using a broad 780 nm filter, and from 772 nm to 786 nm using a 785 nm filter (Fig. 5) . The higher wavelength in the tuning range is limited due to the sharp edge of the filter transmission function; that is, the filter cannot be rotated to wavelengths greater than this cutoff. The laser can be tuned discontinuously over these ranges without alteration of the output beam direction.
The derivative of the transmission window wavelength (Eq. (2)) is
which is −0.68 nm/ • for a 785 nm filter rotated to 780.2 nm (θ = 13.8
• ). We require precision to within the internal diode mode spacing of 125 GHz, or 0.25 nm in 780 nm, corresponding to 0.38
• in angle. By comparison, for a Littrow configuration ECDL with 1800 /mm grating, the sensitivity to rotation is 13.7 nm/
• , 20 times greater. The filter wavelength can be adjusted adequately without the need for a precision rotation mount.
Frequency noise spectra were measured (Fig. 6) for the output coupler design presented in Fig. 2 , and compared to similar spectra for a grating-feedback Littrow configuration ECDL in which the grating is aligned using a standard kinematic mount. 16 The laser was again locked to a rubidium hyperfine transition but using dc coupled feedback. The spectra clearly show substantially reduced susceptibility to mechanical resonances, in particular the absence of resonances associated with the springs in the kinematic grating mount.
V. CONCLUSION
ECDLs that use an interference filter for wavelength selection together with a cateye reflection mechanism have proven to exhibit narrow linewidths and greater frequency √ FIG. 6. (Color online) Frequency noise spectra for the output coupler cateye laser and a standard Littrow-configuration grating feedback design. 16 stability in comparison to diffraction grating-based ECDLs. A cateye reflector is self-aligning and insensitive to intra-cavity optical misalignment. We have shown that single mode operation is possible using a filter with bandwidth many times greater than both the external cavity mode spacing and the intrinsic laser diode mode spacing, making the cateye advantages more readily accessible.
Using only standard catalog optical components, our ECDL is mechanically less complex than common diffraction grating designs, and at a wavelength of 780 nm has demonstrated linewidth of 26 kHz, wavelength tunability over more than 14 nm, and reduced susceptibility to acoustic vibrations. Using saturated absorption frequency stabilization to an atomic reference, 16 the laser will remain locked even when bumped or knocked. The narrow linewidth and wavelength tunability, combined with the simple construction and stability, make these designs well suited to the cooling and trapping of alkali atoms.
